Influenza remains a threat to global health, causing millions of human infections and substantial mortality every year.^[@ref1],[@ref2]^ Influenza A viruses are subtyped based on the antigenic properties of the two glycoproteins hemagglutinin (HA) and neuraminidase (NA).^[@ref3]^ HA is responsible for binding of the virus to sialic acid (SA)-terminated carbohydrates present at cell membranes, and the resulting adsorption of the virus to a cell membrane embodies the onset of the infection. The initial virus attachment to the cell is regulated by multivalent interactions, where homotrimeric HA binds to SAs and multiple HA trimers are involved in the interaction with the carbohydrate-covered cell surface.^[@ref4]^ The NA, instead, facilitates the release of the virus from the cell after reproduction by cleaving the SA residues present on the cell membrane.^[@ref5]^

The overall affinity of the virus binding depends on the virus strain, expressed in the occurrence of different HA and NA subtypes, in combination with the specific form and density of SA presented at the membrane. Together, these factors determine the specificity of a virus for a particular host species. For example, avian influenza viruses bind preferentially to 2,3-sialyl-(*N*-acetyl-lactosamine) residues (2,3-SLN) while human influenza viruses show a preference for 2,6-sialyl-(*N*-acetyl-lactosamine) residues (2,6-SLN).^[@ref6],[@ref7]^ Switching of a virus' specificity to another host species occasionally occurs and may cause a pandemic when such a "zoonotic" virus further adapts to humans by improving its replication/transmission efficiencies.^[@ref8],[@ref9]^ The latest example, the outbreak of the 2009 influenza pandemic,^[@ref10]^ stresses the importance of a thorough understanding of the factors driving such events. Alteration of the binding specificity is essential at this first stage, and this involves, for instance, mutation at the HA binding site and/or reassortment of different HA and NA glycoproteins. However, subsequent adaptations appear to be required,^[@ref8],[@ref9]^ including those that improve the functional balance between the HA and NA glycoproteins. To better understand these virus changes, it will be key to thoroughly understand the relationship between multivalent HA binding and virus infectivity at the molecular level.

A first step toward an improved molecular understanding is to provide a platform to study the binding selectivity of various virus strains for different SA residues and to quantify their interaction at these artificial cell surface mimics. Some examples of 2D sensor platforms bearing surface modifications for the study of the interaction of viruses with model cell receptors have been reported.^[@ref8],[@ref11],[@ref12]^ These platforms, based on streptavidin-modified surfaces at which a fast and easy modification with biotinylated receptors or aptamers is achieved, allow an efficient detection of viruses. However, this type of surface modification does not resemble the structure and properties of the cell surface, such as, for example, the membrane fluidity. Moreover, the sugar density at cell membranes is known to affect the binding characteristics of the influenza virus strongly by influencing the valency and the multivalent effect of the overall interaction.^[@ref13],[@ref14]^ Therefore, it is important to design platforms that allow a good control over the SA density at the surface.

Various methods have been developed to achieve control over surface densities of ligands or receptors, using self-assembled monolayers (SAMs) or (fluid) supported lipid bilayers (SLBs), to obtain static or laterally mobile layers, respectively.^[@ref15]−[@ref17]^ For example, the surface density of surface-exposed NTA(Ni) moieties was controlled using mixed SAMs of suitably modified thiols for His~6~-tag protein immobilization,^[@ref18]^ the surface density of arginine--glycine--aspartic acid (RGD) peptide was varied using SAMs to investigate the effect on cell binding,^[@ref19]^ and the surface density of biotin was controlled both using SAMs and SLBs to investigate the multivalent binding of streptavidin.^[@ref20]^ However, so far, SLBs have not been used to quantify the interaction of influenza viruses.

A surface analytical technique such as biolayer interferometry (BLI) has proven to be suitable for the study of virus--platform interactions, and it allows the determination of the selectivity of different virus variants or mutants for specific SA residues at surfaces at which the SA density is varied.^[@ref8]^ However, a molecular understanding of the avidity observed for the interactions between influenza viruses and SAs is required to better understand the mechanism of virus infection and the role of multivalent binding therein. Another important open question is whether the bound virus remains dynamic upon adsorption, which is in large part determined by the nature of the multivalent binding. Technical issues of the BLI technique, such as limited knowledge of the surface presentation of the sugars at the detection platforms, as well as biological ones, such as the inhomogeneity of whole virus samples regarding size distribution, contact area when adsorbing to a surface, and distribution of HA and NA proteins, prohibit a better understanding of the valency of the binding and the resulting multivalent effects.

Here, we report a SA receptor-presenting SLB platform that functions as a mimic for a cell membrane and aims to provide control over the receptor density. Together with the use of recombinant protein clusters ("rosettes") of HA (rHA) as virus models, this system enables control of the interaction area between the surface and the virus-like particle and thereby of the binding valency. The surface modification with SLBs provides a well-known cell membrane mimic that offers ease of preparation, controlled functionalization by incorporation of tunable fractions of functionalized lipids, and excellent nonfouling properties.^[@ref21]^ By introducing tunable amounts of biotinylated lipids in the SLB, followed by the attachment of streptavidin (SAv), the surfaces have been functionalized with biotinylated human or avian receptors with control over their surface density. rHA rosettes bind selectively to the receptors, and their interactions have been quantified using quartz crystal microbalance with dissipation monitoring (QCM-D). The tunable sugar density at the SLB platform, together with the controlled valency of the rHA protein cluster in its interaction with this platform, enables the use of a multivalent binding model to quantify the multivalent interaction in terms of the individual affinity constant of a single HA-receptor site, the valency, and the receptor density-dependent, effective molarity.

Results and Discussion {#sec2}
======================

Design and Characterization of the SLB Platform {#sec2.1}
-----------------------------------------------

To achieve control over the interaction area between the cell surface mimic and a virus particle, we have employed small rHA nanoparticles, also called rosettes, as a model for the influenza virus, while at the same time reducing complicating factors due to the heterogeneity of whole influenza viruses regarding their size, shape, and HA and NA fractions. Transmission electron microscopy (TEM) measurements showed that these rosettes are approximately 22 nm in size and consist of, on average, 10--12 recombinant HA~0~ (rHA) trimers embedded in a surfactant layer (see Supporting Information (SI), [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b09410/suppl_file/nn8b09410_si_001.pdf)).^[@ref22],[@ref23]^ rHAs of different influenza A/H1N1 viruses, with affinities for different receptors, have been used here: influenza viruses A/California/07/2009 (Cal/09), A/New Caledonia/20/99 (NC/99), and A/Brisbane/59/07 (Bris/07) virus. All three viruses have been reported to bind preferentially to human sialic acid (2,6-SLN) residues.^[@ref24]−[@ref26]^

The SLB-based interaction platform was built up in a number of steps as schematically presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A. Unilamellar vesicles consisting of both 1,2-dioleoyl-*sn*-glycero-3-phosphocholine (DOPC) lipids and a targeted fraction of the lipid 1,2-dioleoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(biotinyl) (DOPE-biotin) were prepared by extrusion, using a polycarbonate membrane with 100 nm pore size, and their size was measured to be 78 ± 29 nm by dynamic light scattering (SI, [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b09410/suppl_file/nn8b09410_si_001.pdf)). Such vesicles are known to adhere to and rupture on oxidized glass substrates, resulting in SLBs that display biotin moieties at the SLB--water interface.^[@ref20],[@ref27]^ SLBs consisting of zwitterionic DOPC lipids have been demonstrated to suppress nonspecific interactions effectively.^[@ref21]^ This is of particular importance here, considering that the binding of viruses to the SLBs is based on multiple weak specific interactions, necessitating the suppression of nonspecific interactions.

![Schematic representation of the SLN-modified SLB platform and its interaction with rHA nanoparticles. (A) Step-by-step formation of the platform: the first step consists of the formation of the biotinylated SLB on a silicon oxide substrate presenting water at the interface, followed by adsorption of SAv and subsequently by the adsorption of biotinylated polyvalent SLN (biotin-PAAm-SLN) that can interact with the rosettes. (B) Molecular structure of the molecules used for the formation of the platform.](nn-2018-09410k_0001){#fig1}

The density of biotin moieties displayed at the SLB can be conveniently controlled by mixing in the desired fraction, here varied from 0.1 to 5%, of the DOPE-biotin lipid during vesicle preparation. Subsequently, streptavidin (SAv) was bound to the surface by exploiting the strong biotin--SAv interaction. The surface-bound SAv presents additional free binding pockets, and these were used to bind a poly\[*N*-(2-hydroxyethyl)acrylamide\]-based (PAAm) polymer (biotin-PAAm-SLN, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), presenting both biotin and SLN moieties in a random fashion at the PAAm backbone. Polymers with an average of 22 SLN moieties and 5.5 biotins per polymer chain (thus with a ratio of 4 SLNs per biotin unit) were used. By controlling the biotin density in the SLB, the SAv density and ultimately the SLN density can be tuned. Such polymers are routinely used for the variation of SLN density in virus binding studies using BLI.^[@ref28],[@ref29]^

QCM-D was used to monitor in situ the step-by-step formation of the SLB platform as well as the interaction of the rosettes with surface-bound SLNs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), thus allowing quantitative comparison of the experiments for different (2,6 and 2,3) SLN receptors and different rHA particles. An important consideration when using QCM-D for the (quantitative) analysis of biological entities at surfaces is the contribution of hydrated mass to the QCM-D output parameters, *i.e.*, frequency (*f*) and dissipation (*D*). Because the associated water fraction is generally unknown, the relative surface coverages of bound molecules or particles can be determined from the QCM-D output (as the relative coverage will depend linearly on the frequency shift), but the absolute coverages cannot be determined exactly. Therefore, we primarily used the frequency shifts (Δ*f*) to obtain relative coverages of rHA rosettes. Yet the relative contribution of the mass of hydrated water can still depend on the packing density of the adhered particles, especially at high packing densities, where hydration shells can significantly overlap, deviations from linearity may occur.^[@ref30]^

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, an example of four parallel QCM-D measurements is presented where the DOPE-biotin fraction was varied between 0.1 and 5%. The first step, corresponding to the adsorption of the vesicles and their subsequent rupture, indicates the formation of high quality SLBs (*i.e.*, Δ*f* = −24 ± 1 Hz and Δ*D* \< 0.5 × 10^--6^) on the SiO~2~-coated sensors.^[@ref27]^ An intriguing property of SLBs is the lateral mobility of individual lipid constituents. The lateral mobility of the lipid bilayer, as well as of SAv bound to the biotin groups in a subsequent step, was confirmed using a fluorescently labeled lipid and fluorescently labeled SAv, respectively. DOPC-based SLBs with 1 mol % DOPE-biotin showed a lateral mobility of bound SAv similar to that of the native SLB, as was verified by fluorescence recovery after photobleaching (FRAP, see SI, [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b09410/suppl_file/nn8b09410_si_001.pdf)).

![Control over the SLN density at the SLB platform. (A) Example of four parallel QCM-D measurements showing SLB formation using DOPC vesicles with a molfraction *x* (0.1, 0.4, 1, and 5%) of DOPE-biotin followed by binding of SAv (0.5 μM) and subsequently of biotin-PAAm-2,6-SLN (4 μg/mL). Gray areas indicate the binding steps and white areas indicate buffer wash steps. All steps are under flow. (B) Correlation between QCM-D frequency shifts (Δ*f*~5~, 5th overtone) of SAv binding as a function of the DOPE-biotin fraction. The red dashed line is a guide to the eye. (C) Correlation between QCM-D frequency shifts of the biotin-PAAm-2,6-SLN binding as a function of the frequency shift for SAv binding. The red dashed line is a linear fit to the data points.](nn-2018-09410k_0002){#fig2}

Subsequently, all four substrates were washed with buffer and incubated with SAv. The frequency shift induced by adsorption of SAv as a function of the fraction of biotin in the SLB is reported in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B. The data shows a close-to-linear trend between the biotin density and the coverage of SAv up to 1% of DOPE-biotin, but the SAv coverage saturated at higher DOPE-biotin fractions. This observation suggests that above 1--2 mol % of DOPE-biotin, the surface reaches physical saturation with SAv, which is in agreement with previously reported dense packing of SAv at SLBs that were functionalized with 5% or 10% of biotin.^[@ref31],[@ref32]^ The frequency shift of the subsequent binding of biotin-PAAm-2,6-SLN onto the SAv-modified substrates was found to be linearly related to the coverage of SAv that was reached in the preceding step ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C).

The results discussed above show that this platform is suited to tune the density of the sialic acid residues presented at the SLB platform. When we assume (i) that every SAv binds to two biotin moieties of DOPE-biotin present in the SLB,^[@ref20]^ and (ii) that all biotin moieties of biotin-PAAm-SLN bind to and saturate the remaining available binding pockets of SAv, SLN densities values are estimated between 0.92 and 45.8 pmol/cm^2^ for 0.1 and 5% of biotin, respectively (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b09410/suppl_file/nn8b09410_si_001.pdf)), here ignoring packing effects of SAv. Experimental average SLN densities ranged from 3.5 to 26 pmol/cm^2^, corresponding to 6.9 and 2.5 nm average spacing between SA residues, respectively. These values are based on an estimated 80% water content (based on experimental values ranging from 70% to 90% obtained for other large biomolecules)^[@ref21]^ and the assumption that the Sauerbrey model is valid (a reasonable assumption considering the small increase in dissipation for the polymer binding step). The observed differences between the calculated and the experimental values for the SLN densities has reasonable explanations at both the lower and higher biotin densities: At a low fraction of DOPE-biotin in the SLB, and a concomitantly low coverage of SAv, the polymeric sugar probably binds to the surface with only two (of approximately 5.5) biotin moieties per polymer chain, allowing the attachment of a higher relative amount of polymer on the surface. At the other limit, the calculated value does not take into account the SAv saturation on the surface that occurs at a biotin percentage above 2% ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B), and thus not every biotin from DOPE-biotin can bind to SAv because of steric hindrance and, therefore, this omission leads to an overestimation of the polymer density on the surface. Yet, both the experimental and model values are average densities and do not take into account the probably inhomogeneous SLN distribution over the sensor surface which is related to the use of a polymer with a fixed degree of functionalization with biotin and SLN moieties. This issue is discussed in more detail below.

Rosette Binding on the SLB Platform {#sec2.2}
-----------------------------------

The specificity and selectivity of the interaction between the rHA rosettes and the SLN-displaying platform were investigated by studying the adsorption of the different nanoparticles onto SLBs with varying types and densities of SLN receptors. After verifying the formation of biotin-functionalized SLBs, the subsequent binding of SAv and of a biotinylated PAAm polymer, two different concentrations (0.14 and 0.56 nM) of Cal/07 rHA rosettes were flown over SLBs modified with biotin-PAAm (without SLN) or biotin-PAAm-2,6-SLN. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A shows the successful binding of rosettes to surfaces that were functionalized with 2,6-SLN, while no binding was observed in the absence of 2,6-SLN at the SLB. The higher dissipation signals relative to the obtained frequency shifts, in comparison with the results presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, suggests that the rosettes interact with the SLB as intact particles. These results indicate that nonspecific interactions between the platform and the rosettes are negligible and that the binding of the rosettes to the SLN-functionalized platform is caused by specific, *i.e.*, SLN-HA, interactions.

![Selectivity of the binding of HA rosettes at the SLB platform. (A) QCM-D results of the binding of A/California/07/2009 (Cal/09) rHA rosettes to SLBs modified with biotin-PAAm-2,6-SLN or biotin-PAAm (without SLN). (B) QCM-D results of the binding of A/Brisbane/59/07 (Bris/07) rHA rosettes to SLBs modified with biotin-PAAm-2,6-SLN or biotin-PAAm-2,3-SLN. Steps shown here were performed after (not shown): formation of SLB presenting biotin groups, subsequent binding of SAv, and of biotin-PAAm with/without SLN groups. DOPE-biotin densities were (A) 1% and (B) 0.4%. Gray areas indicate the binding steps and white areas indicate buffer wash steps. All steps were recorded under flow.](nn-2018-09410k_0003){#fig3}

Various influenza viruses are known to bind selectively to specific glycan structures. Therefore, the selectivity of the binding of the Bris/07 rHA rosettes to both 2,6-SLN- and 2,3-SLN-functionalized SLBs was evaluated. A much higher (approximately 4-fold) QCM-D response was observed (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B) for the 2,6-SLN-modified SLBs, indicating a preference for binding of the Bris/07 rHA virus particles to the human 2,6-sialic acid residues. This difference was not due to a different density of SA residues bound to the sensor surface because the coverages of biotin-PAAm-SLN at the biotin-SAv-modified SLB were comparable (\<10% difference in Δ*f*~5~). The rHA rosette binding was evaluated at two concentrations, showing an increased amount of binding at the higher concentration but with similar selectivity. Even more selective binding was observed in the case of binding of Cal/09 and NC/99 rHA clusters to 2,6-SLN-modified SLBs: no significant binding was observed for either of these clusters on 2,3-SLN surfaces, while significant binding was observed at 2,6-SLN surfaces (SI, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b09410/suppl_file/nn8b09410_si_001.pdf)).

To determine the overall dissociation constant (*K*~d~) of the interaction of Cal/09 rHA clusters with the 2,6-SLN-modified SLBs, solutions of Cal/09 rHA clusters at concentrations ranging from 0.14 to 4.2 nM were titrated at the surface and adsorptions were monitored with QCM-D. Biotin fractions in the SLB of 0.4 and 5 mol % were used, and [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A reports the frequency shifts obtained in the titration performed with the SLB containing 0.4% of DOPE-biotin. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A shows clear binding steps at all concentrations, visible both in the frequency and dissipations signals, in agreement with the adsorption of soft particles. The adsorption steps reached a plateau in approximately 10 min, while flow of the respective solutions was maintained for 40 min, indicating that equilibrium was reached in each step. The reversibility of the particle binding is further indicated by the observed, though slow desorption upon switching the flow to buffer after the last particle solution. The data confirms qualitatively that the rosettes allow the assessment of their binding affinity by employing regular titrations performed under thermodynamic equilibrium.

![Affinity of Cal/09 rHA rosettes at the 2,6-SLN surface and effect of sugar density. (A) QCM-D titration of the Cal/09 rosettes at a 2,6-SLN-presenting SLB with 0.4 mol % of DOPE-biotin present in the SLB. Gray areas indicate the binding steps and white areas indicate buffer wash. All steps were performed under flow. Surface functionalization up to the rHA cluster binding was monitored as well but not shown here. (B) Binding curves from QCM-D titrations for Cal/09 rHA clusters at 2,6-SLN surfaces starting from 0.4% (red circles, left *y*-axis) and 5% (black squares, right *y*-axis) DOPE-biotin. Langmuir model fitting (solid lines) provided the binding constants shown.](nn-2018-09410k_0004){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B shows the resulting binding data when plotting the plateau values of the frequency shift after each rosette binding step versus the concentration of the rosette. A *K*~d~ of 5.2 nM was found from fitting the 0.4 mol % DOPE-biotin data with a standard 1:1 (Langmuir) model. When the same type of titration was performed on a 2,6-SLN-modified SLB with a higher fraction (5 mol %) of DOPE-biotin, which resulted in a three times higher surface coverage of 2,6-SLN (based on [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C), a very similar *K*~d~ of 9.4 nM was found ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). In correspondence with this relatively strong binding, limited, but notable desorption was observed at the measurement time scale when washing the surface with buffer after the titration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A).

The Langmuir fits of the dissociation constants ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B) require cofitting of the frequency shift plateau values that correspond to saturation of the surface with rHA nanoparticles. For the 0.4% and 5% platforms, these saturation frequencies, Δ*f*~max~, were 95 and 335 Hz, respectively. These values agree reasonably well with the relative differences in SLN receptor and SAv densities at these platforms as mentioned above. However, the plateau values estimated by these fits have a relatively large error because the titration data do not level off sufficiently to estimate more accurate values of the saturation levels. Limited stock concentrations of the rosettes prohibited us, however, from extending the titrations to higher concentrations.

QCM measurements of the binding of biotinylated lipid bilayer vesicles of 100 nm in diameter at SAv-modified SLBs showed a maximal binding frequency of about 150 Hz at dense vesicle coverage (see SI, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b09410/suppl_file/nn8b09410_si_001.pdf)). This suggests that the here used smaller rHA rosettes probably bind in a close to dense fashion at the 5% platform and that the plateau frequency will most likely not be much larger than now estimated. Consequently, the estimated *K*~d~ values will not be much higher than the fitted values given above. Overall, this analysis indicates that the dissociation constants are definitely in the low nM regime.

Noteworthy, the *K*~d~ values for the interaction of the 0.4% and 5% platforms with the Cal/09 rosette are very similar. This seemingly contradicts published work performed on whole viruses which have shown strong dependencies of the binding affinity on the (polyvalent) sugar density.^[@ref8],[@ref13],[@ref29]^ At the same time, however, it must be noted that these data may not be directly comparable, as these are often performed at only one virus concentration. As a consequence, full titrations (*i.e.*, with different concentrations of virus to obtain different surface coverages), like done here for the rosettes, are normally not performed with whole viruses. For example, concentrations of 100 pM of whole influenza virus were used by Gamblin et al.^[@ref13]^ to achieve either partial or full virus coverage of surfaces coated with the same biotin-PAAm-2,6-SLN polymer as used in this work and were used for monitoring relative differences between viruses without determining the binding constants.

Similar titrations were performed for rHA rosettes derived from NC/99 (at 0.4 mol % DOPE-biotin only) and Bris/07 (at 0.4 mol % and 5 mol % DOPE-biotin) (see SI, [Figures S4 and S6](http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b09410/suppl_file/nn8b09410_si_001.pdf)), and the resulting overall dissociation constants are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Comparing the results for the three rosettes, very similar dissociation constants were found for the 2,6-SLN presenting surfaces, all in the low nM concentrations. Both the Cal/09 and Bris/07 rosettes showed (slightly) higher dissociation constants, *i.e.* weaker binding, at the 5% platforms in comparison to the 0.4% platforms. The differences in binding affinity may be due to the error involved with estimating the saturation frequency values, as indicated above, and possibly to small deviations from the linear frequency dependence at the densely packed 5% surface (see below), but it contrasts data on whole viruses that show generally stronger binding at higher receptor densities. Moreover, higher saturation values were obtained for Bris/07 clusters compared to the other clusters tested here. This may be due to a difference in size of the nanoparticles and, therefore, a different packing density on the surface, as well as a difference in the hydration of the rosettes. However, when the data were fitted by fixing the saturation values to 100 and 300 Hz at 0.4 mol % and 5 mol % DOPE-biotin, respectively, the *K*~d~ values obtained from the fitting did not decrease significantly: values of 1.9 and 6.4 nM were found for the lower and higher SLN densities, respectively, confirming the same low-nM *K*~d~ range already observed for the Cal/09 rosettes described above.

###### Dissociation Constants for rHA Rosettes of Three Different Viruses at 2,6-SLN-Presenting Surfaces with 0.4 mol % or 5 mol % DOPE-Biotin[a](#tbl1-fn1){ref-type="table-fn"}

  DOPE-biotin (mol %)   *K*~d~/nM (Δ*f*~max~/Hz) Cal/09   *K*~d~/nM (Δ*f*~max~/Hz) Bris/07   *K*~d~/nM (Δ*f*~max~/Hz) NC/99
  --------------------- --------------------------------- ---------------------------------- --------------------------------
  0.4                   5.2 (95)                          3.2 (130)                          3.4 (71)
  5                     9.4 (335)                         20 (739)                            

In parentheses are given the saturation frequency shifts calculated from the Langmuir fits for each titration.

As mentioned above, the relative contribution of hydrated water can depend on the packing density of the adhered entities, in this case the rHA rosettes. To evaluate whether possible hydration shell overlap influences the observed binding curves, we evaluated the dissipation signal as a function of the frequency shift for all titrations. SI, [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b09410/suppl_file/nn8b09410_si_001.pdf), shows that these −Δ*f*/Δ*D* plots were largely linear at 0.4 mol % DOPE-biotin density, whereas at 5 mol % DOPE-biotin density, the corresponding titrations showed nonlinear behavior with the Δ*D* leveling off at higher Δ*f* values, which may be related to increasingly overlapping hydrations shells of the rHA rosettes. This indicates that the relative frequency shifts and the saturation frequencies are more reliable for the 0.4% platforms, and therefore we interpret the binding data obtained at the 5% platforms to be essentially very similar in affinity as observed for the 0.4% ones.

When we assume a plateau value to hold for a particular rosette (for example, of 130 Hz for Bris/07 at the 0.4% platform), *K*~d~ values for the 2,3-SLN platforms can be determined as well, leading to a *K*~d~ value of 26 nM of the Bris/07 rosette on the 0.4% platform. The 1 order of magnitude weaker binding to the 2,3-platform compared to the 2,6 is a clear signature of the difference in binding selectivity of the HA of this rosette.

As observed ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B, and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, Δ*f*~max~ values), the absolute amounts of binding are higher at the higher sugar densities. However, these results do not show the expected increased affinity for the higher sugar density. Instead, the affinities (*K*~d~ values) appear unaffected by the SLN surface density, suggesting that the sugar density sensed by the HA rosettes does not change with increasing densities of biotin-PAAm-SLN. Therefore, we here propose that this insensitivity of the rosette binding to the sugar density is caused by a *fixed local* SLN density due to restriction of the interaction area of a rosette to a *single* polymeric biotin-PAAm-SLN at the SLB platform.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A shows a schematic top view of the surface and how a rosette particle interacts with it. Looking at the composition and structure of the SLN-modified polymer, the biotin-PAAm-SLN contains approximately 115 acrylamide monomer units with a stretched main chain of approximately 30 nm, of which, on average, 22 monomer units contain an SLN moiety and 5.5 a biotin group. One polymer chain can therefore bind 2--3 SAv proteins simultaneously. Indeed, adsorbed biotin-PAAm-SLN has been shown to cover an area with a diameter of 15 nm,^[@ref33]^*i.e.*, of 175 nm^2^, which can easily accommodate the area of the SAv molecules it binds to (approximately 25 nm^2^ per protein). From the SAv-bound biotin moieties located at the surface, small chain segments with a length of a few nm may stick out upward and sideward, exposing SLN units (and their linker chains) to provide additional flexibility.

![Interaction and contact area of an HA rosette binding to a single biotin-PAAm-SLN polymer at the SLB platform. (A) Schematic presentation of the constant local SLN density sensed by the HA rosettes for different biotin-PAAm-SLN coverages. (B) Representation of a single rosette interacting with three of its HA trimers with a single SLN-polymer at the SLB substrate.](nn-2018-09410k_0005){#fig5}

The HA clusters have a diameter of 22 nm, assuming a diameter of about twice the length of one HA trimer.^[@ref22]^ With 10--12 HA trimers, we can view such a particle as an icosahedron with an HA trimer at (almost) each apex, with an angle of 63° between neighboring trimers. This gives a contact area in which three trimers interact with the substrate, while the other trimers will be \>5 nm away from the surface. At the protruding tips of the trimers, tip--tip distances of 15 nm can be estimated in this geometry, which is not far off from the 11 nm trimer--trimer distance in whole viruses.^[@ref34],[@ref35]^ The somewhat larger tip--tip distance in the rosettes is a direct result of the much higher curvature of the smaller rHA rosettes compared to the whole virus.

Taken together, these considerations indicate an excellent match between the contact area of a rHA rosette and that of a single biotin-PAAm-SLN polymer molecule displayed at the sensor platform. This analysis supports the observed lack of density dependence in the binding behavior of the rHA rosettes, and it also explains the seemingly contradictory coverage-dependent virus binding observed in literature. Because the whole virus has a diameter of approximately 100 nm, it has a much larger contact area and valency with the substrate than an rHA nanoparticle. As a consequence, the virus can interact with *multiple* biotin-PAAm-2,6-SLN polymer molecules simultaneously, whereas the rosettes only bind to a *single* polymer molecule at a time, making the interaction of the whole virus sensitive to the polymeric SLN density whereas that of the rosette is not.^[@ref13]^

The relatively small and well-defined contact area between an rHA rosette and the substrate allows for a detailed description of the multivalent interaction and the overall affinity resulting from the interaction. From an estimated interaction area involving three HA trimers, a valency of 6--9 can be estimated, depending on whether all three sites of a trimer can interact or not. For a tripodal arrangement of trimers, maximally two sites of each bonding trimer can be in direct contact with the substrate at any time. Yet, the third site of these trimers is at a distance of approximately 2.5 nm from the surface. From seeing the length and flexibility of the biotin-PAAm-SLN polymer and the linker connecting the SLN moieties to the polyacrylamide backbone, we estimate that this distance can be bridged easily by the SLN-modified polymer segments protruding from the surface.

The overall binding affinity, *K*~ov~ (which is the inverse of *K*~d~ experimentally assessed above), of a multivalent ligand at a surface, following methodology developed earlier in our group,^[@ref36]^ can be described as follows ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}).Here, *K*~i~ is the intrinsic affinity constant of a single interaction pair, here between an HA monomeric binding site and an SLN moiety, EM is the effective molarity, which is a measure for the probability of intramolecular bond formation applicable to additional interaction pairs formed upon formation of the first intermolecular interaction, and *n* is the valency of the multivalent interaction. Here, we ignore statistical prefactors and differences in probabilities of intramolecular bond formation resulting from the tripodal trimeric arrangement, which would formally need a nested multivalent approach. Yet, because of the flexibility of the biotin-PAAm-SLN polymer, and the similar distances between binding sites with an HA trimer (5 nm) and between sites from neighboring trimers (7--8 nm), we here assume one value for EM to hold for all intramolecular binding steps of the rHA particle to the surface. Furthermore, [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} only holds when the multivalent enhancement factor, *K*~i~EM, which is a measure of how much *K*~ov~ is enhanced when an additional binding site is added to the multivalent interaction, is substantially larger than 1.^[@ref37]^

From the titrations with the rHA rosettes at the 0.4% platforms (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) and the nanomolar *K*~d~ values found here, *K*~ov~ values can be calculated to be approximately 2--3 × 10^8^ M^--1^. Values for the monovalent interaction affinity (*K*~i~) of SLN with HA have been reported in the literature for different influenza variants, and we here assume a value of 1000 M^--1^ (a *K*~d~ of 1 mM).^[@ref13]^ When assuming all sites of three HA trimers to be involved (*n* = 9), *K*~i~EM can be calculated to be approximately 5, leading to an EM value of approximately 5 mM. For two sites per HA trimer (*n* = 6), *K*~i~EM can be calculated to be around 12, leading to an EM value of approximately 12 mM. It should be noted that this analysis of the *K*~i~EM and EM values is rather insensitive to changes in *n* and *K*~ov~. This is a direct result of the exponential relationship shown in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. When rewritten as [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, it becomes clear that *K*~i~EM is only logarithmically dependent on the ratio *K*~ov~/*K*~i~ and inversely on the number of intramolecular bonds, *n* -- 1.Therefore, limited accuracy in the determination of *K*~ov~ can be tolerated, as even variations of an order of magnitude have limited influence on *K*~i~EM. Likewise, the range of *n* values assumed here has only limited effect on *K*~i~EM, as already shown above. Errors in *K*~i~ have a similarly low effect on *K*~i~EM but have of course a direct influence on EM.

EM values on the order of 10 mM are not unreasonable for such surface densities, and slightly higher values (on the order of 100 mM) have been obtained for cyclodextrin host--guest surface assemblies that have a higher surface receptor density.^[@ref38]^ Besides the difference in binding site density, the lower EM value obtained for the rHA rosettes compared to other systems might be attributed to the rigidity of the rosettes interacting with the receptor surface. It should be noted that assuming a lower valency leads to a higher EM value needed to explain the overall affinity, as explained above.

Apparently and noteworthy for this system, *K*~i~EM is well above 1, confirming the validity of [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, but is at the same time only moderately high, on the order of 10. The moderate nature of the value of *K*~i~EM indicates that an increase of the valency of the system has only a moderate effect on the overall affinity. In other words, the here observed difference of approximately 5 orders of magnitude in affinity between the monovalent (*K*~i~) and multivalent interaction (*K*~ov~) is reached with 6--9 molecular interaction pairs (of which 1 is regarded as intermolecular, and 5--8 as intramolecular), so less than 1 order of magnitude per added site. Such avidities are not uncommon for biological systems like influenza inhibitors^[@ref39]^ but are in contrast to much stronger multivalent effects observed for synthetic systems where *K*~i~EM values of \>1000 have been observed.^[@ref38],[@ref40]^

What is the biological relevance of the multivalent enhancement factor *K*~i~EM? Apart from the molecular understanding of what a binding site contributes to the overall affinity increase in a multivalent system, it gives insight into the *dynamics* of a system. The ratio of lifetimes of the bound and unbound states of an interaction pair in an intramolecular system is given by *K*~i~EM:1, and therefore the corresponding relative bound/unbound fractions by *K*~i~EM/(*K*~i~EM + 1) and 1/(*K*~i~EM + 1), respectively. For moderate values of *K*~i~EM, say ranging from 0.1 to 10, these bound and unbound lifetimes are of the same order of magnitude, indicating that each interaction pair is dynamically equilibrating between its bound and unbound states, the frequency of which is dictated by the intrinsic dissociation rate constant, *k*~d,i~. For considerably stronger multivalent systems with *K*~i~EM ≫10, for example, \>1000 as observed before for cyclodextrin surfaces,^[@ref38],[@ref40]^ the bound lifetime is orders of magnitude higher than the unbound one, and consequently the bound/unbound dynamics is reduced. This kinetic trapping at high *K*~i~EM has been observed in an earlier study,^[@ref39]^ where only a divalent guest showed measurable surface diffusion along a cyclodextrin-coated surface, while mobility of a trivalent guest was not observed due to too strong binding.

The binding energy landscape of a multivalent particle at a surface is therefore described by both a thermodynamic parameter (the difference between the overall and monovalent affinities) as well as a kinetic parameter (the average fraction of bound sites). [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows this energy landscape graphically, by plotting the bound fraction, *K*~i~EM/(*K*~i~EM + 1), and the avidity parameter, log *K*~ov~ -- log *K*~i~, as a function of the multivalency parameters, *i.e.*, the valency, *n*, and the multivalent enhancement factor, *K*~i~EM. When *K*~i~EM \< 0.1, the system behaves basically as a monovalent system: *K*~ov~ ≈ *K*~i~ and the bound fraction of the interaction sites (and for each site individually) is below 10%. At high *K*~i~EM, \>10, *K*~ov~ scales as given by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, and thus log *K*~ov~, is linearly dependent on *n* and on log *K*~i~EM. That means that systems with high valencies reach very high *K*~ov~ values. Taken together with a bound fraction that approaches 1, indicating that all sites are practically all of the time in the bound state, such systems get kinetically trapped: neither spontaneous desorption, which would require dissociation of *all* binding sites, nor interfacial mobility, which is based on *partial* site dissociation, are possible under these circumstances. In between these extremes, we call these systems "*weakly multivalent*": for moderate values of *K*~i~EM, ranging from 0.1 to 10 (as indicated green in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), the system is multivalent *and* dynamic at the same time. Additional binding sites do contribute to the overall affinity, but with less than 1 order of magnitude, and the fractions of bound and unbound sites are comparable as well as their lifetimes. Therefore, such systems can exhibit dynamic behavior, especially in processes like interfacial mobility in which only partial site dissociation is needed. We coin this part of the multivalent binding energy landscape to be called the "*sweet spot*".

![Energy landscape of multivalent interactions. Average bound fraction (left *y* axis) of all interaction pairs at any given time, given by *K*~i~EM/(*K*~i~EM + 1), and avidity parameter log *K*~ov~ -- log *K*~i~ (right *y* axis), here for three cases with *n* = 6, 9, and 12, as a function of *K*~i~EM. The dark-gray area (right upper corner) indicates the kinetic trap: slowing dynamics of the system when the number of potentially interacting sites, *n*, increases at high *K*~i~EM; the bound fraction approaches 1 and log *K*~ov~ scales with log *K*~i~EM and with *n*. The green area indicates the "sweet spot": the multivalent enhancement factor is not too low (*K*~i~EM \< 0.1, bound fraction \<0.1), where an increased valency does not lead to enhanced multivalent binding, nor too high (*K*~i~EM \> 10, bound fraction \>0.9), where the system becomes kinetically trapped.](nn-2018-09410k_0006){#fig6}

As a result of the above analysis, we believe that the biological origin of the here observed weakly multivalent behavior of HA rosettes is inherent to the function of the adhesion process of influenza in real life: a virus may bind to a cell surface or to the mucus layer, but the interaction remains dynamic until a site is found at the cell surface where endocytosis is induced. This notion also provides insight in why the intrinsic binding affinity of an HA site of influenza is always of the same order of magnitude: mutations that would take the virus--cell surface interaction outside the sweet spot would either render the virus nonbinding or running into a kinetic trap upon interaction, which are both detrimental for virus proliferation.

How realistic is the rosette--SLB interaction for mimicking the interaction of whole viruses at cell surfaces and for understanding the interaction at a quantitative level? This question has aspects that affect the platform and those that deal with the rosette as a virus-like particle. While the cell surface with its glycocalyx is a tremendously complex system,^[@ref41]^ we here look only to the density of the displayed glycans. On the cell level, the quantitative determination of the glycan density is a recent and important technical development, and densities of 10^7^ sialic acids per cell have been reported.^[@ref42]^ However, knowledge on local areal density, type of glycan, and determinations on relevant cell types will have to be performed to provide a more quantitative comparison. At a more technical level, the BLI method employs SAv-coated surfaces which have a similar density^[@ref43]^ as the SLB platform developed here. Because the BLI method has been used on whole viruses,^[@ref8],[@ref13]^ we are confident that our platform can exhibit the right glycan densities to study the binding of whole viruses with similar quantitative rigor as the rosettes described here.

When comparing smaller virus-like particles, such as the rHA clusters employed here, with whole viruses, some considerations need to be discussed. As stated above, a virus is considerably larger than a rosette, and some differences are expected for these systems for their binding behavior on platforms like the one reported here. First of all, as larger particles experience slower diffusion toward the surface and whole viruses are normally applied at lower particle concentrations, reaching thermodynamic equilibrium for whole viruses binding to the interaction platform might be slower, and therefore verification of equilibrium will be necessary when designing full titration experiments to acquire thermodynamic binding constants. Moreover, several examples have been reported in the literature where binding of whole viruses is observed on platforms using a fixed concentration of 100 pM.^[@ref8],[@ref13]^ Therefore, relevant values of *K*~ov~ of the interaction of these viruses are expected to be in the range of, approximately, 10^10^--10^13^ M^--1^, which are significantly higher than the ones measured for the rHA clusters reported here. Obviously, higher values of *K*~ov~ are expected, as the contact area of a whole virus with the platform (or host cell) surface is expected to be much larger than the one of a rosette, and consequently many more HA trimers are involved in the overall interaction. When we assume that, for example, only 5% of the outer surface area of a virus binds to the platform surface and that the trimer--trimer distance in a virus is 11 nm,^[@ref34],[@ref35]^ an average of approximately 12 HA trimers, *i.e.*, 36 HA--sugar molecular interaction pairs, is involved in the interaction with the platform surface, which will increase the avidity accordingly. When we assume at the same time that the HA densities at a whole virus and a rosette are similar, and we note that EM in the *K*~i~EM factor is primarily governed by this density, the individual HA--sugar interaction pairs will remain dynamic, which will cause the overall binding behavior of the virus to be dynamic as well. Future work on studying the overall binding behavior of whole viruses and their dynamics will have to be performed to verify this behavior experimentally.

Conclusion {#sec3}
==========

We have reported the development of a platform that mimics the multivalent interaction of influenza A viruses at host cell membranes. The use of biotinylated supported lipid bilayers (SLBs) provides control over the type and density of sialoglycan receptors on the surface. Selectivity for human sialic acid residues was established as expected for the here used recombinant hemagglutinin (rHA) rosettes. Low nanomolar affinities for the rHA rosettes binding to the SA-presenting surfaces were obtained from full titration curves. Because of the small size of the rosette and its limited number of HA trimers compared to the whole virus, the interaction area and the valency in binding to a surface can be estimated relatively well. This allowed us to assess the extent of multivalent binding, and quite low multivalent enhancement factors, *K*~i~EM, of about 5--10 were found, indicating that each additional binding site contributes with less than 1 order of magnitude to the overall binding affinity of the rHA particle. Because of the similar HA site density present at whole influenza A viruses, we assume that these have similarly low multivalent enhancement factors as the rosettes studied here.

By evaluating the relationship between the overall binding affinity *K*~ov~, the individual *K*~i~, the valency *n*, and the effective molarity EM, a binding energy landscape has been sketched in which a sweet spot is evident for weakly multivalent systems, that is, for systems in which the individual binding sites equilibrate between bound and unbound with similar frequencies, rendering the multivalent system dynamic in nature. Future work will be focused on scaling the interaction area and valency to the values found in whole viruses. In addition, the methodology and analysis developed here may be applied to screen for future antiviral drugs or antibodies, which have the potential to block influenza virus binding.^[@ref39],[@ref44]^ Finally, the quantitative assessment of weak multivalency may also be applicable to study different virus--host cell interactions, or other biological systems in which multivalent interactions drive cellular responses, such as the mono- or low-valency ligand interactions triggering the B-cell antigen receptor.^[@ref45]−[@ref47]^

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

Chemicals were purchased from Sigma-Aldrich and Acros Organics. Commercial lipids were obtained from Avanti Polar Lipids. Streptavidin labeled with Alexa Fluor 488 (SAv488) was obtained from ThermoFisher. HEPES buffer contained 0.01 M HEPES and 0.15 M sodium chloride was made using Milli-Q water (MQ, Millipore, 18.2 mΩ) and adjusted to pH 7.4 at 25 °C using sodium hydroxide. Biotin-PAA-SLN was obtained from Lectinity and used as received. rHA protein clusters were obtained from Protein Sciences Corporation. The concentration of the stock solutions of the protein clusters used in this work ranged from 100 nM to 246 nM.

QCM-D Measurements {#sec4.2}
------------------

QCM-D measurements were performed using a Qsense analyzer (Biolin Scientific). Measurements were performed at 22 °C and operated with four parallel flow chambers, using two Ismatec peristaltic pumps with a flow rate of 100 μL/min. Throughout this work, the fifth overtone was used for the normalized frequency (Δ*f*~5~) and dissipation (Δ*D*~5~). SiO~2~-coated sensors (QSX303, Biolin Scientific) were used. During every rHA protein cluster addition, solutions were recycled.

Large Unilamellar Vesicles (LUV) and Supported Lipid Bilayer (SLB) Formation {#sec4.3}
----------------------------------------------------------------------------

1,2-Dioleoyl-*sn*-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(cap biotinyl), sodium salt (biotin-PE), were stored in chloroform at −20 °C. The headgroup modified lipid--dye conjugate, Texas Red-1,2-dihexadecanoyl-*sn*-glycero-3-phosphoethanolamine (TR, ThermoFisher scientific) was stored in methanol at −20 °C. Dissolved lipids were mixed in desired molar ratios before use and dried under a flow of nitrogen in a glass vial in order to create a film of lipid material at the glass wall. This film was further dried under vacuum for at least 1 h and subsequently hydrated by vortexing with Milli-Q water to form multilamellar vesicles at 1 mg/mL. The lipid suspension was extruded 11 times through a polycarbonate membrane (Whatman) with 100 nm pore size, resulting in large unilamellar vesicles (LUVs) that were stored in the refrigerator and used within 2 weeks. For SLB fabrication, vesicles were diluted to a concentration of 0.1 mg/mL in HEPES directly before use. SLB formation was achieved by flowing this solution on a cleaned and activated surface. For flat QCM-D sensors or glass bottom well plates, cleaning was performed using a 2 wt % sodium dodecyl sulfate (SDS) solution and thorough rising with Milli-Q. Activation was performed with 30 min UV/ozone treatment (for QCM-D sensors) using a Bioforce chamber (Nanosciences) or overnight incubation in 2% Hellmanex and again thorough Milli-Q rinsing (for well plates). The quality of SLBs was monitored by fluorescence recovery after photobleaching (FRAP) or *in situ* by QCM-D (where high quality SLB defined as Δ*f* = −24 ± 1 Hz and Δ*D* \< 0.5 × 10^--6^). After SLB formation, care was taken to keep the surface submerged in buffer and without bubbles.

Fluorescence Recovery after Photobleaching (FRAP) {#sec4.4}
-------------------------------------------------

A DOPC SLB was doped with 0.2 mol % of TR and 1% of biotin-PE. Subsequently, the surface was incubated with 0.2 μM SAv488 for 1 h and washed carefully with buffer for at least 15 times. Using a confocal microscope, a spot of 10 μm diameter was bleached, and subsequently, the fluorescence intensity in this bleached region was monitored. The intensity was normalized and corrected for acquisition bleaching by using the fluorescence intensity in a location not too close to the bleached spot. The FRAP protocol consisted of 11 imaging loops (1 s interval) before bleaching, 10 loops bleaching with no delay in between loops, and 300 loops of recovery (1 s interval). For confocal microscopy, a Nikon confocal (A1) microscope was used equipped with a 488 nm laser and a 525/50 nm emission filter and with a 561 nm laser with a 595/50 nm emission filter. In microscopy images displayed in this work, contrast and brightness were adapted for using ImageJ.

Transmission Electron Microscopy (TEM) {#sec4.5}
--------------------------------------

The original solution of rHA was diluted 1:2 with PBS. Then 5 μL of the suspension was pipetted onto a hydrophilized (by 60 s glow discharging at 8 W in a BALTEC MED 020 device (Leica Microsystems, Wetzlar, Germany)) Formvar-supported carbon-covered microscopical copper grid (400 mesh). After 30 s, a piece of filter paper was used to remove excess fluid. Subsequently, 5 μL of a contrast-enhancing heavy metal staining solution (1% phosphotungstic acid, pH 7.4) was applied and blotted again after 45 s. After air-drying, a standard holder was used to transfer the sample into a Talos L120C microscope (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) equipped with a LaB~6~-cathode operated at an acceleration voltage of 120 kV. Micrographs were recorded with a 4k × 4k Ceta 16 M camera at a nominal magnification of 57000×.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsnano.8b09410](http://pubs.acs.org/doi/abs/10.1021/acsnano.8b09410).TEM, DLS, and FRAP measurements; QCM-D binding profiles for titrations of rHA clusters and Langmuir binding data; QCM-D binding profile of biotinylated lipid bilayer vesicles of 100 nm; Δ*D*~5~/−Δ*f*~5~plot for rHA cluster titrations; calculations details of quantification of receptors on a surface ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b09410/suppl_file/nn8b09410_si_001.pdf))
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